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ABSTRACT 

The objective of this research is to design, control, and implement microgrid systems 

integrating solar photovoltaic (PV) array with battery energy storage (BES) and wind energy 

with BES. Double stage three phase three wire and three phase four wire solar PV-BES based 

microgrids are implemented in this work. Three-phase four-wire microgrids offer neutral 

current compensation in addition to the functionalities of three-phase three-wire PV-BES 

microgrids. Doubly fed induction generator (DFIG) is preferred in wind energy conversion 

system (WECS) due to its variable speed operation, partial-scale power converter (reducing 

cost), independent active/reactive power control and higher efficiency compared to full-

converter systems. So, in this work, wind driven DFIG-BES based DG set/grid interactive 

microgrids are explored. 

This work investigates a cost-effective mechanical speed and position sensorless control for 

DFIG-wind energy conversion system (WECS). A sensorless technique based on an adaptive 

notch filter (ANF) with a position compensation unit (PCU) is proposed for DFIG. It operates 

efficiently under varying wind speeds and load imbalances. Despite the presence of harmonics 

in rotor currents, proposed scheme ensures precise rotor speed estimation. Additionally, PCU 

corrects position errors, ensuring accurate rotor position estimation. 

Frequent power outages in rural areas demand reliable and efficient energy solutions. To tackle 

this, autonomous and intelligent control strategies are developed for grid-interactive PV-BES 

and wind-BES microgrids. These systems ensure uninterrupted power during grid failures and 

subsequent restorations while managing renewable power fluctuations. The microgrid operates 

seamlessly across different modes, with smooth transition logic and islanding detection 

enabling shifts between off-grid and grid-connected modes. In off-grid operation, the grid-

forming converter (GFC) maintains voltage and frequency stability at the point of common 

interconnection (PCI). During grid/DG-connected mode, advanced GFC control techniques 

improve power quality by extracting fundamental positive-sequence currents from nonlinear 

loads. These systems also provide power quality enhancements-such as harmonic elimination, 

power factor correction, reactive power compensation, and grid currents balancing-while 

ensuring continuous power to critical loads, even during grid outages. 
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                                                     साराांश 

इस शोध का उदे्दश्य सौर फोटोवोल्टिक (PV) सरणी को बैटरी ऊर्ाा संचयन (BES) के साथ और पवन 

ऊर्ाा को BES के साथ एकीकृत करने वाले माइक्रोग्रिड ग्रसस्टम को ग्रडर्ाइन, ग्रनयंग्रित और कायााल्टित 

करना है। इस काया में दो-चरण वाले तीन-फेर् तीन-तार और तीन-फेर् चार-तार सौर PV-BES आधाररत 

माइक्रोग्रिड्स को लागू ग्रकया गया है। तीन-फेर् चार-तार माइक्रोग्रिड्स, तीन-फेर् तीन-तार PV-BES 

माइक्रोग्रिड्स की कायाक्षमताओ ंके अग्रतररक्त, नू्यटर ल करंट कम्पेंसेशन भी प्रदान करते हैं। पवन ऊर्ाा 

रूपांतरण प्रणाली (WECS) में डबू्ल्य फेड इंडक्शन र्नरेटर (DFIG) को चर गग्रत संचालन, आंग्रशक-

से्कल पावर किटार (लागत कम करना), स्वतंि सग्रक्रय/प्रग्रतग्रक्रयाशील शल्टक्त ग्रनयंिण और पूणा-किटार 

ग्रसस्टम्स की तुलना में उच्च दक्षता के कारण प्राथग्रमकता दी र्ाती है। इसग्रलए, इस काया में पवन चाग्रलत 

DFIG-BES आधाररत DG सेट/ग्रिड इंटरएल्टिव माइक्रोग्रिड्स का अिेषण ग्रकया गया है। 

इस काया में DFIG-पवन ऊर्ाा रूपांतरण प्रणाली (WECS) के ग्रलए एक लागत-प्रभावी यांग्रिक गग्रत और 

पोर्ीशन सेंसरलेस ग्रनयंिण की र्ांच की गई है। DFIG के ग्रलए एक पोर्ीशन कम्पेंसेशन यूग्रनट (PCU) 

के साथ एडाग्रिव नॉच ग्रफिर (ANF) पर आधाररत सेंसरलेस तकनीक प्रस्ताग्रवत की गई है। यह 

पररवतानशील पवन गग्रत और लोड असंतुलन की ल्टिग्रत में कुशलतापूवाक काया करती है। रोटर धाराओ ं

में हामोग्रनक्स की उपल्टिग्रत के बावरू्द, प्रस्ताग्रवत योर्ना रोटर गग्रत का सटीक अनुमान सुग्रनग्रित करती 

है। साथ ही, PCU पोर्ीशन िुग्रटयो ंको सही करता है, ग्रर्ससे रोटर पोर्ीशन का सही अनुमान लगाया र्ा 

सकता है। 

िामीण के्षिो ंमें बार-बार होने वाली ग्रबर्ली कटौती के कारण ग्रवश्वसनीय और कुशल ऊर्ाा समाधानो ंकी 

आवश्यकता है। इस समस्या से ग्रनपटने के ग्रलए, ग्रिड-इंटरएल्टिव PV-BES और पवन-BES 

माइक्रोग्रिड्स के ग्रलए स्वायत्त और बुल्टिमान ग्रनयंिण रणनीग्रतयााँ ग्रवकग्रसत की गई हैं। ये ग्रसस्टम ग्रिड 

ग्रवफलताओ ंऔर उसके बाद की बहाली के दौरान अबाग्रधत ग्रबर्ली प्रदान करते हुए नवीकरणीय ऊर्ाा 

उतार-चढाव का प्रबंधन करते हैं। माइक्रोग्रिड ग्रवग्रभन्न मोड्स में ग्रनबााध रूप से काया करता है, ग्रर्समें 

सुगम संक्रमण लॉग्रर्क और आइलैंग्रडंग ग्रडटेक्शन ऑफ-ग्रिड और ग्रिड-कनेिेड मोड्स के बीच 

पररवतान को सक्षम करते हैं। ऑफ-ग्रिड संचालन में, ग्रिड-फॉग्रमिंग किटार (GFC) पॉइंट ऑफ कॉमन 

इंटरकनेक्शन (PCI) पर वोिेर् और आवृग्रत्त ल्टिरता बनाए रखता है। ग्रिड/DG-कनेिेड मोड के दौरान, 

उन्नत GFC ग्रनयंिण तकनीकें  गैर-रैल्टखक भारो ं से मूलभूत पॉग्रर्ग्रटव-सीक्वें स धाराओ ंको ग्रनकालकर 

ग्रवद्युत गुणवत्ता में सुधार करती हैं। ये ग्रसस्टम हामोग्रनक्स उनू्मलन, पावर फैिर सुधार, प्रग्रतग्रक्रयाशील 

शल्टक्त क्षग्रतपूग्रता और ग्रिड धाराओ ंको संतुग्रलत करने रै्सी ग्रवद्युत गुणवत्ता वृल्टि भी प्रदान करते हैं, साथ 

ही ग्रिड आउटेर् के दौरान भी महत्वपूणा भारो ंको ग्रनरंतर ग्रबर्ली सुग्रनग्रित करते हैं। 
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PPP Peak power point  

PPPT Peak power point tracking  

PQ Power quality  

PSC PCI side converter  

PSF Power Signal Feedback  

PSV Positive sequence voltage 

PV Photovoltaic 

PV-BES Photovoltaic-battery energy storage 

PVFFC PV feed forward component  

q-LMF quantum calculus-least mean fourth  

RESs Renewable energy sources 

RPLL Rotor phase locked loop  

RSC Rotor side converter  

SCIM Squirrel cage induction machine  

SOC State-of-charge  

SOGI Second order generalized integrator  

SRF Synchronous reference frame  

SS Stator synchronization 

SSDG Status signal of DG set 

SSG Status signal of grid  

SSS Status signal of stator 

T2FCSRF-PLL Type 2-Forward compensation synchronous reference frame phase 

locked loop  
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T2SRF-PLL Type-2 synchronous reference frame phase-locked loop  

T3MSOGI Type-3 modified second order generalized integrator  

THD Total harmonic distortion  

UEHCRA Updated exponential hyperbolic cosine robust adaptive  

UPF Unity power factor 

UPS Uninterruptible power supplies  

VCO Voltage controlled oscillator  

VFB Voltage filtering block  

VSCs Voltage source converters  

VSI Voltage-source inverter  

VSSMLMS Variable step size modified least mean square  

VST-LMS Variable sparsity with two least mean square  

WECS Wind energy conversion system  

Wind-BES Wind-battery energy storage  

WOVSSA Weight optimized variable step size adaptive  

WRIG Wound rotor induction generator  

WT Wind turbine  

WVSSV Wiener variable step size with variance smoothening  
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LIST OF SYMBOLS 

Vpp Peak value PCI voltage  

Vgp Peak value of utility voltage  

Vsp Peak value of stator voltages 

Vdgp Peak value of DG set voltages 

vgab, vgbc Line-line voltages of grid 

vdgab, vdgbc Line-line voltages of DG set 

vsab, vsbc Line-line voltages of stator 

vga, vgb, vgc Phase voltages of grid 

vsa, vsb, vsc Phase voltages of stator 

vdga, vdgb, vdgc Phase voltages of DG set 

iga, igb, igc Sensed grid currents 

iga
*, igb

*, igc
* Reference grid currents 

iLa, iLb, iLc Sensed load currents 

idga, idgb, idgc Sensed DG set currents 

idga
*, idgb

*, idgc
* Reference DG set currents 

ira1, irb1, irc1 Sensed rotor currents of DFIG prior to stator synchronization 

ira1
*, irb1

*, irc1
* Reference rotor currents of DFIG prior to stator synchronization 

ira2, irb2, irc2 Sensed rotor currents of DFIG post stator synchronization 

ira2
*, irb2

*, irc2
* Reference rotor currents of DFIG post stator synchronization 

isa, isb, isc Sensed stator currents DFIG 

fg Frequency of grid voltages 

fs Frequency of stator voltages 

fdg Frequency of DG set voltages 

Ɵp Angle of PCI voltages 

Ɵg Angle of grid voltages 

Ɵs Angle of stator voltages 

Ɵdg Angle of DG set voltages 

vLL1 Line-line voltage of solar PV-BES based microgrid  

vLL2 Line-line voltage of wind-BES based microgrid 

Vdc1 DC bus voltage of GFCp 

Cdc1 DC bus capacitor of GFCp 

PL Real power delivered to load 

QL Reactive power delivered to load 

Voc Open circuit voltage of PV array 

Isc Short circuit current of PV array 

Vppp PPP voltage of PV array 

Ippp PPP current of PV array 

Ppv PV array’s power output 

Pppp PPP power 

Wpv PV array feed forward component 

Vb BES voltage 

Ib BES current 

Pb BES power 

Db Duty ratio of the boost converter 

L Inductor of the boost converter 

Lf1 Interfacing inductor of GFCp 

Lf1n Interfacing inductor of fourth leg of GFCp 

Rf, Cf RC filter 

Vpp
* Reference value of PCI peak voltage 
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upa, upb, upc Unit templates of grid voltages 

vpa
*, vpb

*, vpc
* Reference PCI voltages 

ΔƟ, Δω Difference between angles and angular frequency of the phase angle 

matching block to synchronize PCI to grid 

Kfp, Kfi Proportional and integral gains of the PI controller used for angle 

matching 

Vpd
*, Vpq

*, Vp0
* Reference values of d axis, q axis and zero axis voltages of PCI 

Vpd, Vpq, Vp0 Sensed values of d axis, q axis and zero axis voltages of PCI 

Vpde, Vpqe, V0e Errors between reference and sensed values of d axis, q axis and zero 

axis voltages of PCI 

ic1abc Sensed GFCp currrents 

ic1abc
* Reference GFCp currrents 

Ic1dq0
* d axis, q axis and zero axis components of reference GFCp currents 

ic2abc Sensed GFCw currrents 

ic2abc
* Reference GFCw currrents 

Ic2dq
* d and q axis components of reference GFCw currents 

iLn, ic1n, ign Neutral currents of load, GFCp and grid 

igne Error between reference and sensed grid neutral currents 

Vdc2 DC bus voltage of DFIG 

Vdc2
* Reference DC bus voltage of DFIG 

Vdce Error between reference and sensed DC bus voltages of DFIG 

Kdcp, Kdci Proportional and integral gains of PI controllers for controlling DC 

bus of DFIG 

ipsabc PSC currents 

Ipsd, Ipsq Sensed PSC dq axis voltages 

Ipsd
*, Ipsq

* Reference PSC dq axis voltages 

Ipsde, Ipsqe Errors between reference and sensed PSC dq axis currents 

Kpsp, Kpsi Proportional and integral gains of PI controllers for inner current 

loop control of  PSC of DFIG 

VGFCp_IGBT Voltage rating of IGBT of GFCp 

IGFCp_IGBT Current rating of IGBT of GFCp 

fs_GFCp Switching frequency of GFCp 

Ksf Safety factor of GFCp 

VGFCw_IGBT Voltage rating of IGBT of GFCw 

IGFCw_IGBT Current rating of IGBT of GFCw 

fs_GFCw Switching frequency of GFCw 

VPSC_IGBT Voltage rating of IGBT of PSC 

IPSC_IGBT Current rating of IGBT of PSC 

fs_PSC Switching frequency of PSC 

VRSC_IGBT Voltage rating of IGBT of RSC 

IRSC_IGBT Current rating of IGBT of RSC 

PGFC_p Real power rating of GFCp 

SGFC_p KVA rating of GFCp 

PGFC_w Real power rating of GFCw 

QGFC_w Reactive power rating of GFCw 

SGFC_w KVA rating of GFCw 

PPSC Real power rating of PSC 

QPSC Reactive power rating of PSC 

SPSC KVA rating of PSC 

PRSC Real power rating of RSC 

QRSC Reactive power rating of RSC 
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SRSC KVA rating of PSC 

Wa, Wb, Wc Fundamental active weights of the load currents extracted using 

WVSSV control   

WLa Equivalent weight of load currents extracted using WVSSV control 

e Mean square error 

µ, β ,  and €p Step factors of, acceleration, step size and acceleration factor of 

WVSSV filter 

IpLa, IpLb, IpLc  Fundamental active weights of the load currents extracted using 

VSSMLMS control   

IpLt Equivalent weight of load currents extracted using VSSMLMS 

control 

K(x) Step size of VSSMLMS filter 

Pm Mechanical power of the wind turbine  

ρ Air density 

r radius of the wind turbine 

Vw Wind velocity 

Cp Power coefficient of the wind turbine 

λ Optimal tip speed ratio 

ωt Rotational speed of the wind turbine 

N Gear ratio 

Ps, Pr Real power delivered by the stator and rotor of the DFIG 

Pdfig Net power delivered by the DFIG 

Qs Reactive power delivered by stator of DFIG 

Qe Error between reference and actual reactive power delivered by 

stator of DFIG 

Vsf Voltage safety factor 

Isf Current safety factor 

h Overload factor 

mi Modulation index 

sm Maximum operating slip of DFIG 

Lg Interfacing inductor of PSC 

Lf2 Interfacing inductor of GFCw 

ωi/p_ANF Input frequency of ANF 

ωr Angular speed of rotor of DFIG in rad/s 

ωr
* Reference angular speed of rotor of DFIG in rad/s 

ωrest Estimated angular speed of rotor in rad/s 

ωp Angular frequency of PCI 

irDQ Rotor currents in DQ reference frame 

irαβ Rotor currents in αβ reference frame 

Irdq2 Rotor currents of DFIG in dq frame post stator synchrnization 

Irdq2
* Reference rotor currents of DFIG in dq frame post stator 

synchrnization 

Vsαβ
+ Filtered 2ph stator voltages 

Vsd
*, Vsq

* Reference stator voltages in dq frame 

Vsdest Estimated d-axis stator voltage in dq frame 

Rs Stator resistance of DFIG 

Lm Mutual inductance between stator and rotor winding of DFIG 

Isq q axis current of stator of DFIG 

Irq q axis current of rotor of DFIG 

Ɵr Rotor position of DFIG 

Ɵrest Estimated rotor position of DFIG 
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ƟPC Position compensation for DFIG 

Ɵr
’ Intermediate estimated position of DFIG 

KirƟ Integral gain of RSC controller prior to stator synchronization 

Kpr5, Kir5 Proportional and integral gains of PI controllers for inner current 

loops control of  RSC of DFIG post stator synchronization 

Kpr4, Kir4 Proportional and integral gains of PI controllers for outer speed 

control of  RSC of DFIG post stator synchronization 

Kpr2, Kir2 Proportional and integral gains of PI controllers for reactive power 

control of  RSC of DFIG post stator synchronization 

Kpa, Kia Proportional and integral gains of PI controller used in VCO of 

AECCF PLL 

Gpa, Gpb, Gpc  Fundamental active weights of the load currents extracted using 

WOVSSA filter control   

Gpt Mean of active power weights of load currents estimated using 

WOVSSA filter control 

Pg
* Reference grid power 

Gg Net active weight component of grid current 

ilabcf Fundamental component of nonlinear load currents extracted using 

WOVSSA filter control 

P Number of optimized weights used for filtering 

Z  Number of weights used for optimization 

ψ(k) Cost function of LMF filter 
  Variable step size for WOVSSA filter

 

μl,j(k) Interim step size of WOVSSA filter 

ρl,j(k) Cost function of interim step size
 

Cl,j(k) Interim estimated weight 

Kpp, Kip Proportional and integral gains of PI controller used in VCO of 

T2FCSRF-PLL 

ξ Damping factor 

FLa, FLb, FLc  Fundamental active weights of the load currents extracted using 

UEHCRA filter control   

FLt Mean of active power weights of load currents estimated using 

UEHCRA filter control 

σ Scaling factor 

η Shaping parameter 

udgabc Unit templates of DG set voltages 

 

 

 

 




